Differentiation between bloodstream and tsetse midgut procyclic forms during the life cycle of the African trypanosome is an attractive model for the analysis of stage-regulated events. In particular, this transformation occurs synchronously, there are well-defined markers for stage-regulated processes and cell lines with specific defects in differentiation have been identified. This combination of tools, combined with the developing Trypanosoma brucei genome database is allowing its underlying controls to be investigated at the molecular and cytological levels. This paper examines some recent discoveries that illuminate some of the key events during trypanosome lifecycle progression.
feeding tsetse fly. The parasite undergoes many changes as it is transmitted between the blood of a mammalian host and the gut of the tsetse fly, these being required for adaptation to the very different environmental conditions encountered [1] . In particular, the parasite undergoes metabolic development in order to successfully move from the glucose-rich bloodstream to the tsetse midgut, where proline is the main energy source [2] . The trypanosome also changes the major proteins that comprise its surface coat [3, 4] and undergoes morphological development from the bloodstream trypomastigote to the tsetse procyclic stage [5] . These changes to the parasite's biochemistry, morphology and profile of expressed genes and proteins are highly regulated and provide a tractable system for the analysis of life-cycle differentiation in these evolutionarily ancient protozoan parasites.
Bloodstream-to-procyclic-form differentiation provides a model for the analysis of regulated events in the trypanosome life cycle
Although trypanosomes grow to high levels of parasitaemia in infected mammalian hosts, only very small numbers of parasites can be isolated from infected tsetse flies. Nevertheless, the study of the transformation from bloodstream to procyclic forms is amenable to both molecular and cytological analysis. This is because transformation can be efficiently induced in bloodstream forms, grown either in rodent hosts or in culture, by exposing parasites to either cis aconitate, citrate or both [6] [7] [8] . Although other differentiation stimuli have more recently been defined [9] [10] [11] , these Krebs-cycle intermediates represent highly effective triggers of differentiation which result in efficient development to the procyclic form of the parasite in culture.
In trypanosome infections in the field, the bloodstream parasite population is heterogeneous, being composed of two morphologically distinct cell types [12] . Early in each wave of parasitaemia the infection comprises slender-form trypomastigotes that are actively proliferative. As the ascending parasitaemia develops, however, these differentiate to non-proliferative cells which have a stumpy morphology. These exhibit the development of a subset of mitochondrial activities in preparation for life in the tsetse midgut. After long-term passage through laboratory rodents, trypanosomes develop toward monomorphism, which involves increased virulence and loss of the ability to generate morphologically stumpy forms [13] . Although these cells remain able to transform to procyclic forms, this is less efficient than for populations predominantly composed of stumpy forms [14] [15] [16] .
Analysis of the transformation between bloodstream and procyclic forms is greatly assisted by the abundance of stage-regulated markers with
Figure 1
Major events during differentiation between bloodstream stumpy and tsetse midgut procyclic forms
Black bars represent expression of the indicated marker protein, RNA or morphological event. CAP, cytoskeleton-associated protein.
which to follow this process. The bloodstream and procyclic forms each have characteristic and abundant surface coat proteins, the variant-specific surface glycoprotein (VSG) coat [17] and procyclin [18] respectively. Upon differentiation, the VSG coat, which protects the parasite against both specific and non-specific immune lysis in the mammalian bloodstream, is shed by an active process apparently involving a specific metalloendoprotease [19] . The procyclin coat comprises two distinct proteins characterized by the singleletter amino acid code of an internal repeat motif ; EP procyclin and GPEET procyclin [20] . These proteins are induced early in differentiation, although GPEET expression is subsequently diminished as established procyclic forms develop [21] . A morphological event of differentiation is repositioning of the trypanosome kinetoplast. This organelle represents the single mitochondrial genome of the parasite and it occupies specific but distinct locations in bloodstream cells (posterior location) and procyclic cells (midway between the cell nucleus and posterior). The repositioning of this organelle is mediated by microtubule outgrowth at the posterior end of the cell and occurs simultaneously with progression of the differentiating parasites into the first proliferative procyclic cell cycle [22] . Markers for metabolic development to the procyclic form (phosphoenolpyruvate carboxykinase expression [23] and detection of cytochrome oxidase subunit VI (M. Tasker, M. Timms and K. Matthews, unpublished work) and cytoskeletal restructuring (for example, expression of the procyclic-specific cytoskeleton-associated protein, CAP5.5 [16] ) are detected within 24 h of the initiation of differentiation. A summary of the expression pattern of these markers is indicated in Figure 1 . Using available markers for temporally regulated differentiation events has allowed these processes to be analysed in a number of cell types and strains. This has demonstrated that stumpy-form populations differentiate highly synchronously, whereas monomorphic populations transform asynchronously [15, 16] . Analysis of the cell-cycle progression for each cell type has raised the possibility that the ability to respond to the differentiation signal is dependent on cellcycle position, with G1 or G0 providing a receptive window [16] . Release of stumpy forms from division arrest by exposure to cis aconitate\citrate thereby allows transformation to procyclic forms, and co-ordinated cell-cycle progression. Significantly, different strains and species of parasite in different laboratories apparently express differentiation markers in the same temporal order and with similar kinetics [25] [26] [27] , implicating an underlying regulated developmental programme.
Using differentiation mutants to identify central decisions in the initiation and commitment to differentiation
Mapping of the events of differentiation between bloodstream and procyclic forms has provided a framework for dissecting its underlying controls. One question which has been of central concern for the analysis of differentiation has been the respective abilities of slender and stumpy cells to differentiate to procyclic forms. By infection of tsetse flies, it has been concluded that slender cells could not infect flies and that the stumpy form alone was capable of establishing a tsetse midgut population [13, 28] . However, the development of monomorphic parasite lines has clearly shown that morphologically slender forms are capable of differentiation to procyclic cells, at least in vitro [29] . A solution to this apparent contradiction has recently been offered by a comparison of a monomorphic line, which was able to transform efficiently, with a clonal derivative, which had lost this capacity [30] . Specifically, a monomorphic population was subjected to a selection regime designed to isolate parasites with differentiation defects. This selection was based on the inability of cells which have undergone differentiation (and have therefore shed the VSG coat) to survive complement lysis mediated by the alternative pathway of activation. Differentiation-defective trypanosomes were readily isolated and screened using available cell-cycle and procyclic-specific markers in order to position where these cells fail in the differentiation pathway. Of the selected population, one isolated line (Defective in Differentiation clone 1, DiD-1) was shown to fail at the very initiation of differentiation. This cell line was found to be identical with the wild-type monomorphic population in all measurable characteristics and did not differ in terms of cell-cycle progression in the bloodstream or under differentiation conditions. Although most cells in the DiD-1 population could not transform, a small proportion of the cells retained the ability to differentiate. However, these could not be distinguished morphologically from either the remainder of the defective population or wild-type monomorphic cells. In order to investigate the possibility that this limited differentiation operated via a route independent of that stimulated by cis aconitate the genes for the enzyme glycophosphatidylinositol phospholipase C (GPI-PLC) were deleted. This enzyme is bloodstream-stage specific and has been proposed to be able to mediate inefficient differentiation by the generation of intracellular messengers when stimulated by stress [11] . It has also been proposed to contribute to parasite virulence because GPI-PLC gene deletion results in reduced parasitaemias in the mammalian bloodstream [31] . Although deletion of the genes for GPI-PLC from the DiD-1 population did not reveal the operation of an alternative differentiation route, their reduced virulence in the bloodstream allowed these previously monomorphic cells to develop towards a stumpy morphology. Concomitant with this, their ability to differentiate to the procyclic form was fully restored. This result indicated that the selection regime for DiD-1 had reduced the expression of some stumpy-form characteristic which had been retained in the wild-type monomorphic population and which is necessary for differentiation. Our model is that slender cells are not competent to differentiate and can only do so when they have initiated differentiation to a cell with stumpy-form characteristics, a process that occurs in monomorphic cell lines without subsequent morphological transformation. Although the precise nature of this differentiation-competent cell type (termed a stumpy* form) is unknown, individual cells may either progressively acquire differentiation competence in a ramped manner or do so after a particular event (Figure 2) . For example, a ramped process might involve the accumulation of a surface receptor which allows
Figure 2
The stumpy form is necessary for differentiation to the procyclic form (A) In this model, slender forms (SL) are incapable of differentiation to the procyclic form. This ability is acquired after the initiation of transformation to the stumpy form (ST) but before morphological differentiation (the stumpy* form, ST*). At the individual cell level, differentiation competence may be acquired gradually or as a specific event. (B) The capacity to generate stumpy* forms in the bloodstream is reduced with increasing monomorphism, with different trypanosome lines demonstrating either extreme monomorphism, extreme pleomorphism or an intermediate capacity between these extremes. the perception of the differentiation signal. Alternatively, the progression from G1 into G0 might represent the critical event in differentiation-competence. Careful comparison between the differentiation-competent and defective cell lines will provide cytological and molecular understanding of the key requirements for the initiation of differentiation.
The synchrony of differentiation allows molecular dissection of life-cycle control
The extreme synchrony of differentiation between stumpy forms and procyclic forms allows the underlying molecular events to be investigated. Treatment of cultures with actinomycin D has demonstrated that particular events can be prevented by inhibiting transcription at time points after the initiation of differentiation [32] . For example, VSG coat loss can be inhibited by incubation with actinomycin D in the first few minutes of differentiation, but not after 1 h. This indicates that new transcription (or changes in the abundance of unstable transcripts) can contribute to the regulation of differentiation. Of several screens for differentially expressed transcripts, most have identified only major surface antigen gene transcripts or those for molecules associated with the different metabolic requirements of bloodstream and procyclic forms. However, by preparing cDNA at intervals through synchronous differentiation, a number of molecules which showed interesting patterns of expression during development have been identified [32] . For example, a transcript for histone H2B was identified as specifically enhanced at 12 h through differentiation, a time period coincident with progression of the cells through DNA synthesis as they re-enter into a proliferative procyclic cell cycle. Similarly, this approach has isolated novel stage-specific signalling-molecule transcripts (M. Sarkar, E. Hendriks, F. J. van Deursen and K. R. Matthews, unpublished work) and a previously unidentified component of the T. brucei respiratory machinery, cytochrome oxidase subunit VI [32] . Interestingly, this latter transcript was elevated soon after the initiation of differentiation (within 1-2 h), although a translated protein product was not detected for some time thereafter [24] . This highlights the observation that changes in both protein and transcript levels are important to consider during the differentiation process, notwithstanding changes in protein-phosphorylation patterns and other modifications.
The future : using genome information to dissect the molecular control of life-cycle differentiation in T. brucei
The T. brucei genome is highly suitable for the analysis of gene function : genes are tightly packed and do not contain introns (with one identified exception [33] ). Examination of the genome database identifies a large number of molecules with homology to components from other organisms involved in cell growth and differentiation (protein kinases, mitogen-activated protein kinases, protein phosphatases, etc. [34] ; http:\\www.ebi.ac.uk\ parasites\TbGN\ Proteome\proteome.html). The bloodstream-toprocyclic transformation is particularly suitable for the functional analysis of such molecules because reverse genetic systems are available for gene deletion and overexpression in bloodstream monomorphic and pleomorphic forms and in procyclic stages [35] . The isolation of parasite populations that are defective at different stages of the differentiation programme also provides a route for pathway mapping in the analysis of the signalling events in differentiation. For example, active mutants of genes believed to be associated with signalling and differentiation may be expressed in wild-type and defective lines. Comparison of the resulting phenotypes can be used to position the site action of each molecule with respect to the differentiation defect.
A combination of analysis of differential gene expression by microarray hybridization and detailed mapping of the changes in the proteome during this life-cycle transition will provide a more global view of the molecular events that accompany differentiation. In particular, the identification of herds of transcripts or proteins that share common temporal expression patterns during the differentiation programme will identify co-regulated genes, proteins and possibly processes. Integration of this expression data with the completed genome sequence for these parasites has the potential to identify cryptic regulatory signals controlling specific stage-regulated processes in this differentiation step. Therefore, these approaches will link genome and proteome data with parasite biology and allow understanding and, potentially, intervention in this central step of the trypanosome life cycle.
Introduction
The African trypanosome Trypanosoma brucei relies on population diversity in order to maintain the chronic infections characteristic of African sleeping sickness. The extracellular bloodstreamform trypanosome, covered by a single variant surface glycoprotein (VSG) coat, is an easy target for the immune system. Once antibodies against a given VSG are raised, all trypanosomes wearing this VSG coat are effectively eradicated. However, trypanosomes arise continuously with new (temporarily) unrecognizable VSG coats, which allow a chronic infection to be maintained. Each VSG coat is encoded by a single gene, transcribed in a telomeric VSG expression site. Changing the active VSG gene can involve DNA rearrangements slotting a new VSG gene into an active expression site. Alternatively, as there are 20 bloodstream-form VSG expression sites, VSGs can be changed by switching between expression sites. Antigenic variation in the bloodstream-form trypanosome is reviewed in [1] [2] [3] [4] . The infective metacyclic trypanosome injected by the tsetse fly into the mammalian host also wears a VSG coat, but the genes encoding metacyclic VSGs are expressed in telomeric metacyclic VSG expression sites. These are structurally quite distinct from bloodstream-form expression sites, and contain only a VSG gene (reviewed in [5] [6] ).
Research in recent years into T. brucei genome structure has shown that the genome is extraordinarily plastic, particularly at the chromosome ends. Both within a trypanosome and between trypanosome strains, chromosomal alleles can differ drastically in size. This is caused to a great extent by a large degree of variability at the chromosome ends. In addition, within a given trypanosome there is a surprising degree of variability within the telomeric VSG expression sites. Both the bloodstream-and metacyclic-form VSG expression sites are extremely polymorphic in structure. The challenge comes in trying to understand why this is the case.
The plastic T. brucei genome
The karyotype of T. brucei varies enormously between strains, and two identical karyotypes are seldom found in the field. The T. brucei genome is divided over a large number of chromosomes : eleven pairs of megabase chromosomes (1-6 Mb), a number of intermediate chromosomes (200-900 kb) and approximately 100 mini-chromosomes (50-150 kb) [7] . The mini-chromosomes appear to consist primarily of repeats and a telomeric VSG gene [8] , and the intermediate chromosomes have expression sites, but do not appear to have unique genes [7] . The megabase
